and moderate (e.g. La, Ce, Sr = 5(h80%) to dominant (e.g. Pb, K, Ba, Rb, Cs >90%) with little change along the arc. Isotope systematics (Pb, Nd, Sr) 
INTRODUCTION
The South Sandwich Islands form a young (<3 Ma), intra-oceanic arc along the eastern margin of the Scotia Sea in the South Atlantic (Fig. 1 ). Because of their young age, their simple tectonic setting, and the fact that they are far removed from any continental crust, the South Sandwich Islands present a relatively simple environment for evaluating arc petrogenesis and subduction fluxes. This is true even compared with equivalent Western Pacific intra-oceanic arcs. For example, there have been no collisions with seamount chains as in the Tonga or Mariana arcs, no collisions with oceanic plateaux and ridges as in the Vanuatu arc, no intra-arc rifting as in parts of the Izu-Bonin and Vanuatu arcs, no subduction zone reversals as in the Vanuatu or New Georgia arcs, and no complex mixture of pelagic and volcanogenic sediment on the downgoing plate as in much of the Western Pacific. Moreover, there is less likelihood of magma-crust interaction than in most arcs because the crust is likely to be thin and mostly of basic composition. Perhaps as a consequence, the South Sandwich Islands form one of the most gecchemically coherent of the active island-arc systems (Baker, 1982) and are frequently cited as a type example of early subduction zone magmatism (Pearce, 1983) and as a type example of the islandarc tholeiite series (Baker, 1968; Jakei & Gill, 1970; Wilson, 1989) .
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•f t Candlemas Is. Vindication Is.V^i 57°6 0°S Fig. 1 . Location map of the South Sandwich Islands with bathymetric contoun in metres. Inset ihows position of the islands in relation to plate configuration and motions in the South Atlantic (from Barker & Hill, 1981) . Single arrows denote spreading, double arrows subduction, and the black saw-tooth denotes convergent plate boundary along the South Sandwich trench. SSI, South Sandwich Islands; SR, Scotia Sea Rise; MAR, Mid-Atlantic Ridge; SWIR, SW Indian Ridge; SAM-ANT R, South American-Antarctic Ridge; NSR, North Scotia Ridge; SSR, South Scotia Ridge.
Protector Shoal was carried out with helicopter support from H.M.S. Protector in 1964 (Baker et a/.,1964; Holdgate & Baker, 1979) . The British Antarctic Survey subsequently sampled Zavodovski Island further (J. S. Smellie, personal communication). Existing publications on the petrology and elemental geochemistry (McReath, 1972; Baker, 1978; Tomblin, 1979) and isotope geochemistry (Gledhill & Baker; 1973; Hawkesworth et ol., 1977; Cohen & O'Nions, 1982; Barreiro, 1983) of the South Sandwich Islands have played a significant role in defining the characteristics of the island-arc tholeiite series. However, these predate the development of the inductively coupled plasma mass spectrometry (ICP-MS) analytical technique for obtaining good data on low-abundance incompatible elements such as Nb and Th, and predate recent advances in our understanding of subduction zone magmatism and mantle melting. Moreover, no mineral analyses have yet been published. This work re-examines the petrogenesis of the South Sandwich Islands using previously unpublished mineral analyses (Luff, 1982) , a new database of -150 whole-rock X-ray fluorescence (XRF) major and trace element analyses, a new set of 27 ICP-MS trace element analyses, 18 new Nd isotope ratios and 25 new and unpublished Sr isotope ratios. The aim of the present study is primarily to describe intra-and inter-island variations and to interpret these in terms of petrogenetic variables, in particular fractional crystallization and magma mixing, the contribution from the subduction zone, and the temperature and nature of melting widiin the mantle wedge.
TECTONIC SETTING
The South Sandwich Islands form an arcuate chain above the west-dipping subduction zone that forms the boundary between the Antarctic and Sandwich plates (Fig. 1) . Subduction is approximately westward at ~ 75 mm/yr, although rollback of the trench hinge means that the absolute motion of the Sandwich plate is eastward, probably at about 57 mm/yr (Pelayo & Wiens, 1989; Barker, 1995) .
The subduction zone is bordered in the north by the east-west-trending North Scotia Ridge and in the south by the east-west-trending South Scotia Ridge. Both ridges are composed of continental and arc fragments translated to their present position during the evolution of the Scotia Sea (Barker & Dalziel, 1983) .
The age of the subducting Antarctic plate varies from 27 Ma in the south to ~80 Ma in the north with a discontinuity formed by a large ridge-crest transform offset at latitude 58°S (between Saunders and Montagu islands) (Barker & Lawver, 1988; Barker, 1995) . Seismic profiles show that the thickness of sediment entering the trench varies with age from an average of ~200 m in the south to ~400 m in the north, although these thicknesses are highly variable. The nature of the subducted sediments also varies, from predominantly siliceous in the south to siliceous overlying calcareous in the north, and arcderived turbidites also enter the trench locally (Barker, 1995) .
North of 58°S, fault plane solutions indicate downdip extension. South of 58°S, there is down-dip compression, suggesting that the older, cooler slab in the north is pulling the younger, hotter slab in the south into the mantle faster than it would normally sink under its own weight (Forsyth, 1975) . Brett (1977) analysed the variation in seismic activity along the arc, identifying an activity minimum just north of 58°S. His explanation is that the more buoyant, southern part of the slab is supporting the denser slab to the north. Brett further noted that the northernmost zone (Zavodovski and northwards) accounts for most of the seismic energy release and that this is probably caused by the tearing of the plate along the North Scotia Ridge. The difference in the age of the subducted lithosphere also accounts for the north-south variations in the dip of the slab: near-vertical in the north declining to 50-55° in the centre and ~45° in the younger slab to the south. The arc axis lies at 100-120 km from the top of the seismic zone throughout the chain, though Leskov lies at the far end of a cross-chain some 56 km further from the trench.
Magnetic lineations indicate that the present episode of back-arc extension in the East Scotia Sea started ~7-8 Ma ago, that spreading is asymmetric and that it accelerated 1-5 Ma ago to a rate of 50-70 km/Ma (Barker & Hill, 1981; Barker et al., 1982 Barker et al., , 1991 . The lineations also suggest that the South Sandwich Islands lie on 'new' oceanic crust generated not much more than 5 Ma ago at the East Scotia Sea spreading centre. The setting is thus similar to that of the Tonga arc-basin system, where the opening of the back-arc basin preceded inception of the Tofua volcanic chain (Hawkins et al., 1984) . The minimum age of arc initiation is 3 Ma, the age of the oldest dated volcanic rock. Seismicity extends only to 180 km (requiring only ~3 m.y. of subduction at present rates), but it is not clear whether this represents the maximum depth of the slab or the maximum depth of seismic activity (Brett, 1977) .
The history of subduction in the Scotia Sea region is not fully resolved. According to Barker et al. (1982 Barker et al. ( , 1984 , the Scotia Sea has developed over the past 30 Ma with continuous subduction leading to successive episodes of back-arc extension. The mosaic of magnetic anomaly patterns found in the Scotia Sea by Barker & Hill (1981) and Barker et al. (1982) indicates three major changes in the spreading regime, attributed by these workers to successive ridge crest-trench collisions south of the currently active subduction zone. Possible precursors to the South Sandwich Islands are the Discovery and Jane Banks (12) (13) (14) (15) (16) (17) (18) (19) (20) in the central part of the South Scotia Ridge. These may have been stranded when ridge-trench collisions caused cessation of subduction in that area. Samples dredged from Jane and Discovery Banks have island-arc tholeiite compositions closely resembling those of the South Sandwich Islands (Barker et al., 1982) .
Before the current period of back-arc extension, the axis of the South Sandwich Islands would have lain directly north of the old Discovery arc. Barker et al. (1982) suggested that extensional splitting of a 'Discovery forearc' may have led to its incorporation into the basement of the South Sandwich Islands. If such basement exists, the bathymetry of the forearc suggests that it is more likely to be situated beneath the southern part of the island chain.
Protector Shoal (SSPsamples)
Protector Shoal is a seamount 27 m below sea-level. It has an asymmetric shape with at least two parasitic cones superimposed on the main structure. Samples come from an extensive pumice raft resulting from an eruption in March 1962 (Gass et al., 1963 .
Zpvodovski Island (SSZ samples)
This island consists of a stratovolcano flanked by lava flows and scoria on all but its western side. Fumaroles indicate recent activity and an eruption was observed in 1830. The island has been sampled on its eastern side, on and above the sea cliffs. Analysed samples are of basalt and basaltic andesite composition.
Leskov Island (SSL samples)
Leskov island is the smallest of the South Sandwich Islands and is located ~56 km west of the main arc axis. It is constructed almost entirely from plagioclase-phyric, two-pyroxene andesite lava (samples SSL. 1-18) and a small pyroclastic sequence. There are fumaroles on the summit ridge and one andesite gave a K-Ar age of ~0-5 Ma (Baker et al., 1977) . One sample (SSL. 10.1) from the southern end of the island contains rare large crystals of olivine, basaltic hornblende and small clusters of quartz.
Visokoi Island (SSWsamples)
This island is a single stratovolcano constructed mainly from basaltic to basaltic andesite lava flows and pyroclastic rocks, both cut by dykes. There are several basalt scoria cones on the volcano flanks of probable recent age. Samples from the eastern slope (SSW. 1-7) are almost aphyric. A fine-grained olivine basalt (SSW.8) forms the northern promontory, surrounded by older, extremely porphyritic rocks with large plagioclase, clinopyroxene and olivine phenocrysts. Specimens from the western promotory (SSW. 12-13) are microporphyritic basalts commonly containing cristobalite in the groundmass.
Candlemas Island (SSC samples)
This island comprises a younger northern part and an older, eroded southern part. In the north, there is a small scoria cone surrounded by mainly aphyric lava flows of andesite and dacite (29) (30) (31) . The south is made up of lavas of highly porphyritic basalt (SSC.32^-8), and dacite obsidian (SSC.54). There are no radiometric ages, but the erosional state of the island compared with dated islands indicates that the northern part of the island is historic (probably <300 yr) whereas the southern part has an age of 1-2 Ma (Baker, 1990) .
Vindication Island (SSV samples)
This small, now eroded, island is built from three eruptive centres. The lavas are porphyritic basalts and basaltic andesites. Olivine-phyric basalts dominate the SE of the island (samples SSV.3-4). Olivine, two pyroxene-phyric types form the eastcentral part of the island (samples SSV.5, SSV. 12-15). In the west (SSV.l, SSV.9-10) and north-west (SSV.6-8, SSV.l 1), hypersthene is more abundant.
Saunders Island (SSS samples)
This is a young stratovolcano. Porphyritic olivine basalt flows (samples SSS.l, 9 and 10) form a platform in the north of the island. Crags projecting through this platform (samples SSS.2-8 and 11) consist of vitric tuffs and agglomerates with small outcrops of basaltic andesite. The SE of the island comprises flows of olivine-free basalt (samples SSS. 12-16) with associated vitric tuffs and ashes.
Montagu Island (SSM samples)
This is the largest of the South Sandwich Islands, though it is largely ice covered and there is no evidence of recent volcanic activity. All rocks sampled are from coastal exposures (samples SSM. 1-5). They are highly porphyritic basalts containing large olivine and augite phenocrysts in addition to plagioclase and are termed 'oceanites' in some publications.
Bristol Island (SSR samples)
This island comprises several eruptive centres, one of which erupted in 1956. The only samples available (SSR.l) are porphyritic olivine basalts from the SW of the island.
Freezland Rock (SSF samples)
This is composed of tuffs and agglomerates cut by dykes of two-pyroxene andesite (samples SSF. 1-5). A K-Ar age of 3-1 ±0-1 Ma has been obtained from one of the dykes (Baker et al., 1977) .
Bellingshausen Island (SSB samples)
This is a small, recently active island comprising a single volcanic cone with large summit crater made up of lava flows of two-pyroxene andesite together with red scoria and palagonitic tuff. Samples SSB. 1-8 and SSB.16-18 are from the upper slope of the cone, SSB.9-14 and SSB. 19 are from coastal exposures. PEARCE W al.
SOUTH SANDWICH ISLAND ARC SUBDUCTION
Bellingshausen Island may have been the source of tephra biostratigraphically dated at ~3000 yr from piston cores east of the islands (Federman et al., 1982) and in an ice core from East Antarctica (Palais** al., 1987) .
Cook Island (SSK samples)
This island has been built from several volcanic centres, but there is no indication of recent activity. The only samples available from this island (SSK.l) come from the western promontory, which is made up of a dark, vesicular, aphyric dacite cut by an andesite dyke and overlain by glacially transported blocks of a highly porphyritic olivine basalt.
Thule Island (SSTsamples)
This is a recently active stratovolcano containing flows of hyperthene-phyric, olivine-phyric and aphyric basaltic andesite and andesite. Andesitic pyroclastic rocks and a palagonite tuff have also been identified on the island. Samples SST.1-3 come from the NE of the island and samples SST.4-8 from the SE.
CHEMICAL ANALYSIS
About 150 rocks from the collection described above have been crushed using an agate tema mill and glass discs and powder pellets have been prepared and analysed by PW1400 X-ray fluorescence at Nottingham University (Harvey & Atkin, 1982) . We have listed these data in the Appendix. A subset of 27 samples has also been analysed by ICP-MS Plasmaquad at Durham for the elements Sc, V, Cr, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Cs, Ba, REE, Hf, Ta, Th, U and Pb. Rh, Re and Bi were used as internal standards and the calibration was carried out using laboratory standards and selected international standards with comparable matrices. To prepare samples for analysis, 0-1 g of powder was dissolved by standard acid digestion (using HF and HNO3), spiked by internal standards and run in a nitric acid matrix at a 0-1 g/1 concentration of total dissolved solids with a dwell-time of 250 /is for each element analysed. The correction procedure includes blank-subtraction, drift-monitoring and correction for oxide-hydroxide interferences and isotopic overlaps. Detection limits (3<7 of background) for the elements in Table 1 are 001-002 p.p.m. for all elements except Zr, Nd, Sm, Gd (0-05 p.p.m.), and Ba, La, Pb (01-0-2 p.p.m.). The precision (same solution run at different times) typically ranges from 10% at 10 x detection limit to ~3% at 100 x detection limit. Calculation of precision using different sample preparations doubles these values. All analyses are duplicated. Where both XRF and ICP-MS data exist, interlaboratory checks, coupled with additional XRF analyses at Leeds and Durham, are used to obtain a consistent data set. The full ICP-MS data set, together with major elements by XRF, is given as Table 1 .
Some isotopic analyses of samples from this collection have already been published: Nd and Sr isotopes by Hawkesworth et al. (1977) and Cohen & O'Nions (1982) , and Pb isotopes by Cohen & O'Nions (1982) and Barreiro (1983) Figure 2 shows the rocks plotted on the K 2 O-SiC>2 classification diagram of Peccerillo & Taylor (1976) As noted by Baker (1978) , over 50% classify as basaltic with diminishing proportions of the more evolved rock types. The only rhyolite is the pumice from Protector Shoal. The majority of volcanic rocks from the South Sandwich Islands lavas fall within the tholeiitic field of Peccerillo & Taylor (1976) with some extending into the calc-alkaline field. We identify three distinct series on this diagram, as follows.
CHEMICAL CLASSIFICATION OF ROCK TYPES

A low-K tholeiitic series
Lavas with very low KjO concentrations come from the islands of Zavodovski, Candlemas, Vindication, Montagu, Bristol and Protector Shoal. These islands appear to be composed exclusively of lavas of the low-K tholeiitic series, but sampling varies from extensive (e.g. Candlemas and Vindication) to scant (Bristol). Major element oxides in wt%; trace elements in p.p.m. Data sources: 1, this paper (new analysis); 2, this paper (Luff, 1982) ; 3, Hawkesworth et al. (1977); 4, Cohen & O'Nions (1982); 5, Barreiro (1983) Peccerillo & Taylor (1976) . CA, calc-alkaline; Thol., tholeutic.
A calc-alkaline series
Freezland, Leskov and part of Cook and Thule form a trend extending from the upper part of the tholeiitic field into the calc-alkaline field. A few samples from Visokoi and Saunders also plot in this field.
On an AFM diagram (Baker, 1990) , the main trend is one of moderate iron enrichment in intermediate compositions conforming to the tholeiitic trend of Irvine & Baragar (1971) . Only the andesites of Leskov and Freezland fall conspicuously below this boundary in the calc-alkaline field.
PETROGRAPHY
The petrography of the South Sandwich Islands lavas has been described by Baker (1978) , Tomblin (1979) and Luff (1982) .
Basalts range from aphyric to highly porphyritic, although the former are rather uncommon and are confined to Visokoi and Saunders islands. The usual phenocryst assemblage is plagioclase-olivine (±augite) and there are rare phenocrysts of orthopyroxene and/or magnetite. Most of the highly porphyritic basalts contain abundant plagioclase, especially on Vindication and Candlemas; others, such as the Montagu oceanites and flows from Visokoi and Saunders, are rich in xenocrysts and inclusions (glomerocrysts). The groundmass is either intersertal or intergranular containing plagioclase, clinopyroxene and magnetite with occasional cristobalite as the main phases.
Basaltic andesites are more uniform, the majority being moderately porphyritic. Compared with the basalts, hypersthene replaces olivine in the phenocryst assemblage and is commonly accompanied by magnetite. Plagioclase is the earliest-formed phenocryst, followed by pyroxenes (hypersthene and augite ±pigeonite) and magnetite. The groundmass is similar to that of the basalts except that hypersthene may be present and cristobalite is more common.
Andesites vary from aphyric (e.g. Cook) to highly porphyritic (e.g. Leskov) with abundant xenocrysts and inclusions. Phenocrysts are the same as those in the basaltic andesites.
Dacites are confined to Candlemas, Cook and Thule, and all are aphyric. However, the Candlemas specimens commonly contain inclusions of plagioclase, one or two pyroxenes and magnetite. The dacite pumice from Protector Shoal contains phenocrysts of plagioclase and hypersthene and small xenoliths (olivine-plagioclase-clinopyroxene-hypersthene-magnetite) .
As noted above, xenocrysts and xenoliths are abundant in the rocks of the South Sandwich Islands. Xenocrysts are usually larger than, and morphologically distinct from, phenocrysts of the same phase: some are angular and broken and others are partially resorbed or have reaction rims indicating disequilibrium with their host magmas. Plagioclase megacrysts, composite grains showing many stages of resorption and growth, should probably be regarded as xenocrysts. Inclusions range from millimetre-sized crystal aggregates to blocks 30 cm in diameter. Their minerals tend to show the same disequilibrium features as the phenocrysts in the lavas. The most common are gabbroic assemblages of olivine-plagioclase-augite and plagioclaseaugite-orthopyroxene. A diorite xenolith from Leskov (SSL. 16.1) contains the assemblage plagioclase-augite-hypersthene-magnetite, and one from Vindication (SSV.8.1) is similar but has rudimentary layering and interstitial quartz. We interpret these inclusions as fragments of cumulates from subvolcanic plutonic complexes.
Despite their petrographic diversity, the rocks of the South Sandwich Islands thus follow a simple pattern of phenocryst assemblages in relation to bulk-rock composition. Basalts have the assemblage olivine-plagioclase + augite and the more differentiated lavas have plagioclase-augite-hypersthene-magnetite ± pigeonite. The sequence resembles that of typical tholeiitic associations described from other oceanic arcs (Wilson, 1989) . Most of the inclusions have similar assemblages to the phenocrysts and may be fragments of larger, possibly layered, blocks brought to the surface during eruption.
MINERAL CHEMISTRY
As noted above, the primary mineralogy of the rocks of the South Sandwich Islands is dominated by olivine, plagioclase, two pyroxenes and magnetite, each of the main phases showing a progressive change in composition with magma evolution (Fig.  3 ). Xenocrysts and inclusions have restricted compositional ranges and are generally closest in composition to basaltic phenocrysts. The xenocrysts and inclusions are compositionally distinct from the phenocrysts only in the case of the Ca-rich pyroxenes. Representative analyses of the main minerals are listed in Table 3 .
Plagioclase
Plagioclase is abundant as a phenocryst (< 1 cm) and gToundmass phase in almost all of the South Sandwich Islands lavas. Phenocrysts commonly contain broad zones of glassy inclusions. They are usually normally zoned, with large calcic cores and more sodic rims, but oscillatory zoning is common and there are some instances of reversed zoning. Core compositions fall mostly in the range of Ang4_ 7 o. Large plagioclase phenocrysts tend to be the most calcic in composition and many appear to have developed through aggregation of smaller grains, with subsequent overgrowth. Some plagioclase megacrysts, regarded as xenocrysts, show a complex history of resorption and regrowth. In contrast, smaller plagioclase crystals are usually simple elongate laths. Plagioclase phenocrysts from basalts, basaltic andesites and andesites are compositionally indistinguishable (e.g. anorthite Ang3 occurs in the andesite SSC.48.1), but in aphyric andesites and dacites the small plagioclase laths are relatively sodic. The K2O contents of the plagioclase crystals predictably increase from the low-K tholeiitic through the tholeiitic to the calc-alkaline series and from calcic to sodic compositions. FeO contents reach almost 2 wt% and are generally in excess of 0-5 wt%.
The plot of an-number in plagioclase against mgnumber (wt %) of the host rock ( Fig. 4a) highlights the relationship between plagioclase and bulk-rock composition. For reference, we have also plotted experimental data for glass-plagioclase pairs, taken from low-pressure experiments on mid-ocean ridge basalt (MORB) compositions (Tormey et a!., 1987; Grove et al., 1990) . It is apparent that the vast majority of plagioclase cores (and most rims) plot above the reference line formed by the experimental data, i.e. are much more calcic than would be predicted from the bulk-rock composition. There are several possible explanations for this: (1) long residence of early-formed calcic plagioclase in an evolving magma chamber; (2) the effect of water on the plagioclase liquidus; (3) the crystallization of calcic pyroxene before plagioclase; (4) crystallization from magma of high Ca/Na ratio derived from depleted mantle. All of these explanations may apply to a certain extent. However, the fact the most calcic plagioclase crystals are found in the (least sodic) lavas of the low-K tholeiitic series and the least calcic are found in the (most sodic) lavas of the calcalkaline series suggests that the Ca/Na ratio of the magma may be most significant factor. Because Na is much more incompatible than Ca, depletion of the mantle by loss of a small melt fraction can markedly reduce the Na/Ca ratio of the mantle and hence of the resulting magmas.
A comparison with MORB is also informative. There are now many well-documented examples of highly calcic plagioclase xenocrysts in MORB glasses (e.g. Natland, 1989) . Grove & Kinzlcr (1993) demonstrate that none of the explanations (l)- (3) above can explain such calcic compositions and therefore favour the hypothesis that they crystallized from Na-poor magmas derived from depleted mantle at the top of the melting column. This hypothesis is strongly supported by the very depleted composition of melt inclusions within the calcic plagioclase crystals. It is possible that the most calcic plagioclase crystals from the South Sandwich Islands are also derived from melts tapped from the top of the subarc melting column. However, whereas calcic plagioclase crystals are rare in MORB, they are the norm in the tholeiitic lavas of the South Sandwich Islands. The likely explanation, supported in subsequent sections by trace element data, is that the predominance of calcic plagioclase phenocrysts reflects the fact that the mantle beneath the South Sandwich arc is depleted relative to N-MORB mantle, although the variations within the arc could be caused by processes within the melting column.
Olivine
Olivine is the earliest formed of the major pheno- Figure 4b shows a plot of Fo content of olivine against the m^-number (wt%) of the host rock. It should be noted that, unlike plagioclase, the olivine compositions plot close to the experimental reference line with no obvious systematic difference between the low-K tholeiitic and tholeiitic series. This is consistent with the idea that the calcic plagioclase crystals owe their composition to mantle depletion, as Fe/Mg ratios are reduced in the mantle residue much less than Ca/Na ratios during fractional melting.
Calcium-rich clinopyroxene
Augite is a common phenocryst phase in the South Sandwich Islands lavas although it is usually less abundant than either plagioclase or olivine in the basaltic rocks. Table 3 contains representative data and Fig. 5a shows the location of the data on the pyroxene quadrilateral. Subcalcic augite is commonly present as a groundmass phase in approximately equal amounts with plagioclase. Augite also occurs in inclusions and as megacrysts in many basalts and basaltic andesites. Large (< 7 mm) diopsidic xenocrysts are a major constituent of the Montagu picrites. There are three, essentially distinct, compositional groups: (1) diopsidic xeno- crysts from Montagu; (2) augite phenocrysts; and (3) xenocrysts and inclusions plotting on the low-Ca side of the phenocryst field. One clinopyroxene from a Candlemas Island inclusion (SSC 48.1) plots well away from the rest and is approaching a subcalcic augite composition. The calcium-rich pyroxenes are generally zoned with a narrow rim that is richer in iron and more depleted in calcium than the core composition. The maximum observed range in a single crystal [from sample SHA(W) 7.1] is from a core of Wo3sEn5oFsi2 to a rim of \Vo29Eri4gFs25. Core compositions become more iron rich in the differentiated rocks.
Calcium-poor pyroxene
Orthopyroxene is present as phenocrysts in some basalts and in many of the more differentiated lavas. It formed later than the plagioclase but contemporaneously with the calcium-poor clinopyroxene ( Fig. 3) and occurs both as discrete idiomorphic crystals and as a component of inclusions, where it is associated with plagioclase and augite. Orthopyroxene is somewhat less common as a groundmass phase, being confined to some andesites and basaltic andesites. Some basalts contain xenocrysts of bronzite, which often feature a reaction rim of olivine and augite or of pigeonite. Many orthopyroxene phenocrysts also have either overgrowths or reaction rims of pigeonite. The latter also occurs as phenocrysts, or in crystal clusters, in some basaltic andesites, andesites and dacites. Compositions of orthopyroxenes are shown in Table 3 and Fig. 5 . They range from Engs to Enjs at \V03_5, whereas pigeonite varies from En^ to Ensi at Wog-io-The AI2O3 contents of the Ca-poor pyroxenes are lower than those of their calcic counterparts but there is the same broad positive correlation with m^-number.
Oxides
Titanomagnetite phenocrysts are rare in the basalts but become progressively more abundant in basaltic andesites, andesites and dacites. They are particularly common in the crystal-rich andesites of Leskov and Candlemas. Titanomagnetites are generally unzoned but are frequently enclosed by a narrow overgrowth of haematite. Compositions lie close to the binary solid solution series magnetite-ulvospinel (UIV20-60) and become more Ti rich in the more differentiated rocks (Table 3) . A1 2 O 3 and MgO decrease with increasing ulvospinel content and V is of greatest abundance (<3%) in the more Ti-rich compositions. Magnetite is a common constituent of crystalline groundmasses, where it has usually formed after plagioclase and pyroxene. Ilmenite is confined to the Leskov andesites.
Other minerals
Amphibole is restricted to the Leskov andesites, where it forms small crystals of brown basaltic hornblende with an intense reaction rim of oxides. An inclusion of the assemblage amphibole-plagioclasemagnetite (Sample SSL. 10.1) shows that the amphibole crystallized after the two other phases. Quartz is present as occasional angular xenocrysts in some of the Leskov Island andesites and also forms a late interstitial mineral in the dioritic blocks (Samples SSL.17.1 and SSV.8.1). Cristobalite is a common groundmass constituent in some of the Bellingshausen basaltic andesites and in many of the more differentiated lavas from other islands. Small amounts of apatite are present in the xenoliths and also in the more evolved lavas. Pyrite is present in the groundmass of one Leskov andesite.
CONDITIONS OF CRYSTALLIZATION Pyroxene geothermometry
We apply here the two-and three-pyroxene geothermometers of Lindsley (1983) to the eight samples analysed that contained more than one pyroxene phenocryst. Of these, five give consistent temperatures for at least two pyroxenes, indicating that only these contain the required equilibrium assemblages. The compositions of these minerals are among those listed in Table 3 .
The resulting temperatures are plotted against the m^-number of the orthopyroxene, and annotated according to sample location, in Fig. 5b . The temperatures form a consistent trend of increasing temperature with increasing m^-number of the orthopyroxene, from a temperature of ~ 1000-950°C for a dacite to ~1150°C for the basaltic andesites. Extrapolation to Tng-number(opx) of 0-80, taken to represent the composition that would have been in equilibrium with the primary magma, indicates an approximate primary magma temperature of 1225°C, requiring a mantle potential temperature very close to the N-MORB mantle estimate of 1280°C (McKenzie & Bickle, 1988) .
Magnetite-ilmenite oxygen barometry
Only Leskov andesites contain magnetite-ilmenite pairs (Table 3) . We apply here the magnetiteilmenite geothermometer of Ghiorso & Sack (1991) to one sample (SSL 10-1), obtaining a temperature of 1000°C at an oxygen fugacity of QFM+1-5 log units. This temperature has been plotted in Fig. 5 and is consistent with the values obtained for andesitic compositions from the pyroxene geothermometry.
Least-squares modelling
Least-squares modelling of lava compositions is hampered by the fact that almost all of the basalts of Vindication, Candlemas, Montagu, Bristol and Cook are to varying extents accumulative with > 25 wt % plagioclase incorporated into some of the basalts. Our least-squares model is thus restricted to treating a relatively aphyric basalt from Zavodovski (SSZ.5.5) as a parent for the evolved rocks from other volcanoes. Figure 3 illustrates the results of the model. Overall, it indicates that ~90% of fractional crystallization is required to change the composition from basalt to dacite, with an average composition of the extract of plagioclase (50%), clinopyroxene (25%), olivine (13%), titanomagnetite (9%) and hypersthene (3%). The proportions are similar to those calculated for the Mariana Islands (Woodhead, 1988) , which are also dominated by plagioclase (60%) and clinopyroxene (25%). The low contents (<50 p.p.m.) of Cr and Ni in the parental magma indicate that there was extensive crystallization of mafic phases before even this magma erupted. It should be noted that, although the relative proportions of minerals in the calculated extracts match xenolith assemblages very well, they do not match the phenocryst assemblages. This is particularly apparent in the case of clinopyroxene, which is rare as a phenocryst but makes up ~25% of both the calculated extract and the xenoliths.
TRACE ELEMENT GEOCHEMISTRY
Rare earth element patterns Chondrite-normalized rare earth element (REE) patterns for the basic and intermediate rocks from the South Sandwich Islands form three distinctive groups, corresponding to the three volcanic series identified in Fig. 2 . The patterns for the low-K tholeiitic series are LREE depleted with (La/Sm),, ratios (subscript n indicates chondrite normalization) of ~ 0-3-05 (Bristol, Montagu, Candlemas, Vindication and Zavodovski) (Fig. 6a) . Patterns for the tholeiitic series are almost flat with (La/Sm),, between 0-8 and 1 (Visokoi, Bellingshausen, Saunders and part of Thule) (Fig. 6b) . Patterns for the calc-alkaline series are LREE enriched with (La/Sm), ratios of 1-2-1-6 (Leskov, Freezland and part of Thule) (Fig. 6c) . All patterns have flat M-HREE segments. In addition to pattern shape, there is an increase in the level of the pattern at a given MgO content from the low-K tholeiitic through the tholeiitic to the calc-alkaline series. Within any one series, there is no major change in pattern shape with differentiation. The differences in pattern shape between the three groups are summarized in Fig. 6d , which emphasizes the progressive LREE enrichment from the low-K tholeiitic through tholeiitic to calcalkaline series in terms of increasing La/Sm ratios. The trend of increasing (La/Sm),, ratio with increasing Sm content indicates that the differences in pattern shape are caused by source or dynamic melting variations: were they due to fractional crystallization or pooled melting involving olivine, plagioclase and pyroxenes, variations in Sm would be accompanied by little change in the (La/Sm),, ratio. more evolved lavas of Visokoi, Thule and Leskov. It is likely that samples with positive anomalies reflect net plagioclase accumulation and that those with negative anomalies have experienced net plagioclase removal (Hawkesworth et ai, 1977) .
MORB-normalized trace element patterns
These patterns (Fig. 7) are all characterized by significant enrichment in large ion lithophile elements (LILE), Rb, Ba.Th, U, Pb, K, L-MREE, relative to the high field strength elements (HFSE), Nb, Ta, Zr, Hf, Ti, Y and HREE. The pattern levels increase from the low-K tholeiitic through the tholeiitic to the calc-alkaline series. The pattern shapes vary because the HFSE profiles vary. The calc-alkaline lavas have almost flat (MORB-like) HFSE profiles, the tholeiitic lavas show intermediate degrees of depletion of HFSE relative to MORB, whereas the low-K tholeiites show the greatest degrees of depletion of these elements. Taking the subduction-derived enrichment in LILE as the level of these elements above a line drawn through the HFSE (Pearce, 1983) , it is apparent that the patterns of LILE enrichment are broadly similar in the three series. It is also apparent from their large positive anomalies that most LILE owe over a major proportion of their concentrations in the mantle wedge to a subduction component. Pearce & Parkinson (1993) proposed that mantle melting and mantle composition can be investigated by constructing patterns comprising only elements for which the mande contribution greatly exceeds the contribution from the subduction zone, i.e. including the HFSE from Fig. 7 of the major elements. An N-MORB mantle source composition is used as a normalizing value to emphasize the relationship between melt compositions and mantle source. The key feature of the plot is its ability to discriminate between degree of melting (assuming pooled, near-fractional melting) and depletion of the mantle source. Plots for the most mafic lavas from the two tholeiitic groups are shown in Fig. 8 . The principal point is that partial melts from N-MORB mantle have normalized element concentrations in the order of very highly incompatible (VHI: Nb and Zr), then highly incompatible (HI: Ti, Y and Yb), then moderately incompatible (MI: Ca, Al, Ga, V, Sc) and so on. This distinction is greatest for low degrees of melting, becoming very slight by ~30% melting. The Scotia Sea pattern is typical of the pattern obtained from a moderate degree of melting of an N-MORB mantle composition, with normalized abundances in the order VHI>HI >MI. If the mantle loses a small melt fraction before being melted, the most highly incompatible elements are most rapidly removed. The order of enrichment with respect to N-MORB mantle can be then reversed, with the VHI elements eventually having the lowest normalized abundance.
Mantle-normalized patterns for wedge-derived elements
In the low-K tholeiitic series, the order is MI > HI > VHI, indicating derivation from a source that is strongly depleted relative to N-MORB mantle. In the tholeiitic series, the order is MI = HI ^ VHI, indicating derivation from a less depleted mantle, but still one depleted relative to N-MORB mantle. In the calc-alkaline series, the data are too evolved to interpret easily, but the higher VHI element contents of the lavas appear to require a source similar to N-MORB mantle. The patterns therefore provide good evidence that the three series have different source compositions. Either the mantle is heterogeneous, or the selective tapping of a melting column (dynamic melting) is responsible.
Trace element ratio plots
Given that the trace element patterns provide evidence that the South Sandwich Islands are derived from a combination of variably depleted mantle and a subduction component, the question arises as to whether the depletion took place before or after the subduction component was added. One way to assess the relative contribution of source composition and subduction component to the different volcanoes is to plot ratios of incompatible elements, which then highlight the effects of these two processes while minimizing the effects of pooled melting or fractional crystallization or crystal cumulation. We follow here the approach of Pearce (1982 Pearce ( , 1983 trend passes through the value of average N-MORB and follows almost exactly the trend of depleted MORB. Unless the subduction component contains both Zr and Nb in exactly the same proportions as the mantle wedge, an unlikely occurrence, this plot indicates that the HFSE Zr and Nb are not present in significant concentrations in the subduction component. Furthermore, it re-emphasizes the point of Fig. 8 , that the source becomes more depleted from the calc-alkaline, through the tholeiitic to the low-K tholeiitic series. It should be noted that the small displacement from the MORB trend shown by some samples is probably caused by analytical error or variations in partial melting or fractional crystallization. The MORB trend is actually an array with a scatter about the line drawn. The arrays of MORB data points for Zr and many of the other elements depicted in Fig. 9 have been published elsewhere (Pearce, 1982; Pearce & Peatc, 1995) . The subsequent plots (Figs 9b-91) replace Zr with elements considered to be more readily mobilized from the subducting slab. Again, the trends are linear and run sub-parallel to the MORB depletion trend, but now are displaced from the MORB array toward higher M/Yb ratios. Provided that neither Nb nor Yb are added to the mantle source from the subduction zone, the extent of the displacement is directly related to the percentage of M in the mantle source (%sz). We have drawn contours of equal %sz onto the diagrams to allow the subduction contribution of the various elements to be estimated. The detection limit (the upper bound of the MORB array) generally lies at about %sz= 15-20. From these plots, it is apparent that there is little difference in %sz from the low-K tholeiitic through tholeiitic to calc-alkaline series, and that the value of %sz increases in the order Nd<Ce<La<Sr<Th<U<K<Pb<Ba<Rb<Cs.
The estimated values of %sz for the South Sandwich Islands are given in the corners of the diagrams. The fact that the South Sandwich Islands trend runs sub-parallel to the MORB array on these diagrams is highly significant, as degree of enrichment or depletion of the mantle and the magnitude of the subduction zone contribution. If this mantle source is now melted dynamically, with selective tapping of the melting column, the resulting trend (C) should then run parallel to the MORB trend. Dynamic melting of variable sources A and B is also possible and will generate a complex scatter across the diagram. It is apparent from Fig. 10 that trend C produces an excellent fit to the South Sandwich Islands data. Thus, we can conclude that the depletion of the wedge needed to explain the low-K tholeiite and tholeiite compositions most probably takes place after the subduction component is added, i.e. in the melting column. Figure 10b shows how the data might be explained if the magmas erupted are representative of the magmas generated. The first stage would be depletion of the mantle before advection into the wedge, possibly associated with back-arc processes (Ewart & Hawkesworth, 1987; Woodhead et al., 1993) . The second stage would be addition of the subduction component to this depleted mantle. The final stage would be the dynamic melting of upwelling mantle that is thought to cause most of the MORB-parallel variations. It should be noted that other explanations require 'special pleading', but are not impossible. For example, the trend can be produced from a variably depleted mantle wedge provided the subduction flux is inversely correlated with the degree of depletion. It can also be produced from undepleted mantle provided the melting column as a whole loses a small and variable melt fraction at depth. At present, however, we see no evidence that these situations applied. We thus believe that the data best fit the explanation that the subduction flux and mantle composition varied little along the arc, and that the variations from the low-K tholeiitic to the calc-alkaline series result from dynamic melting beneath the arc.
ISOTOPES
New and published Sr, Nd and Pb isotope ratios for lavas from the South Sandwich Islands are listed in Table 2 and plotted in Fig. 11 . We have plotted data from Scotia Sea back-arc basin basalts (Hawkesworth et al., 1977; Saunders & Tarney, 1979) as representative of the back-arc mantle and, possibly, the mantle wedge before subduction. We have also plotted basalts from the South-West Indian Ridge and South America-Antarctic Ridge (Le Roex et al., 1985; Ito et al., 1987; Mahoney et al., 1989) and Bouvet Island (Sun, 1980) as representative of the subducting plate and mantle east of the subduction zone. These samples form a coherent array on all isotope plots. They lie within the Dupal domain (Dupre & Allegre, 1983; Hart, 1984) but are distinct from basalts from the North and East Indian Ocean, which may contain a lithospheric component (Hamelin et al., 1985; Mahoney et al., 1989) . Pelagic sediments from the South Atlantic (Ben Othman et al., 1989) are also plotted.
Figure lla shows 1+3 Nd/ 144 Nd-87 Sr/ 86 Sr isotope covariations for the South Sandwich Islands using the data from Table 2. 87 Sr/ 86 Sr ratios range from 0-7035 to 0-7042 for all but one sample, the vast majority falling in the range 0-7038-0-7040; 143 Nd/ 144 Nd ratios range from 0-512968 to 0-513140. Overall, the isotopic variations resemble those from other intra-oceanic arcs, such as Tonga (Ewart & Hawkesworth, 1987) and parts of the Marianas (Woodhead, 1989) . Like the latter, however, some intra-and inter-island variations do exist.
It is apparent from Fig. lla Nd and low 87 Sr/ 86 Sr ratios of the calc-alkaline Leskov samples, which may best be explained by a more enriched mantle wedge compared with the other volcanoes, i.e. displaced toward Bouvet on the Sr-Nd isotope covariation diagram. This interpretation is supported by the fact that the %sz value for this volcano is slightly lower than for the other volcanoes (Fig. 9) .
Realistic modelling of the isotope ratios is hampered by the absence of drill cores through the subducted sediment and oceanic crust, although some data are available from surface samples (Le Roex et al., 1985 Roex et al., , 1992 Ben Othman et al., 1989) . The oceanic crustal component can be located about halfway along the subducted oceanic crust line (at C) [see the Pb isotope plot (Fig. lib)] . Interestingly, oceanic crust of this composition has Sr and Nd elemental abundances that are almost identical to those ">95 by guest on January 11, 2014 http://petrology.oxfordjournals.org/ Downloaded from of the average sediment (12 p.p.m. Nd and 200 p.p.m. Sr). However, the metasomatism and veining of the crust resulting from interaction with seawater must first be taken into account, and this should increase the content and 87/86 isotope ratio of Sr of the crust while causing little change in the content and 143/144 isotope ratio of Nd. The extent of this interaction is unconstrained although data from altered crust elsewhere suggest that a 30% increase in Sr derived from seawater is a reasonable estimate, giving point A on the isotope plot (Fig. lla) Sr ratio to be buffered near the ratio of the subduction component, and hence hide any original mantle variation. By contrast, the low Nd contribution from the subduction zone means that the range of l+3 Nd/ 144 Nd ratios reflects the mantle wedge variation. A good fit is obtained for point M on the subduction component mixing line. This point corresponds to ~ 10% pelagic sediment and 90% oceanic crust by mass, assuming that the partitioning of Sr and Nd between rock and fluid is the same for sediment as for oceanic crust. In detail, the spread of South Sandwich Islands data indicates that the sediment contribution could vary between a few percent and ~15%, and there is further uncertainty because the composition of altered oceanic crust (A) is poorly constrained. However, all models favour the conclusion that the altered oceanic crust makes a much greater contribution to the Sr and Nd budget than the subducted sediment.
We have not carried out any new Pb isotope analyses. Here, we briefly re-examine the lead isotope data of Barreiro (1983) . Her data form a trend on the 207 Pb/ 204 Pb2b6 Pb/ i04 Pb plot that extends from the South-West Indian Ridge (SWIR) reference line to South Atlantic pelagic sediments (Fig. lib) , leading her to infer that up to 5% by mass of subducted pelagic sediment has been incorporated into the source of the South Sandwich magmas. Our trace element data do, however, enable us to investigate further the cause of this trend.
The South Sandwich Islands trend must be caused by mixing sediment lead with mantle wedge lead, or with subducted oceanic crustal lead or with a combination of the two. On the 207 Pb/ 204 Pb/ 204 Pb plot, the three components can be represented by a triangle with subducted sediments (S), the mantle wedge (W) and altered oceanic crust (A) at the apices. If well over 90% of Pb has a subduction origin, as Fig. 9i requires, then the South Sandwich Islands compositions must lie close to the side of the triangle formed by pelagic sediment and altered oceanic crust, as depicted in the inset diagram. The Scotia Sea samples, by contrast, appear to be dominated by mantle wedge with a variable contribution from a mixture of pelagic sediment and altered oceanic crust, again as illustrated in the inset diagram. It should be noted also that the positions of the points S, W and A may vary (W, in particular, may extend some distance toward point A).
We note also that, although the differences are small, the calc-alkaline lavas lie closest to the mantle wedge apex and the low-K tholeiites furthest from this apex. Figure 9i showed that the calc-alkaline lavas have the lowest %sz for Pb, so its displacement could be explained by a lower contribution from the subduction zone. An explanation more in keeping with other diagrams, notably Fig. lla , is that the mantle wedge source for these lavas is more enriched so that the subduction component appears less marked. We therefore suggest that this difference is explained by a small variability in the mantle wedge composition.
Assuming that the altered oceanic crust at A contains 1 p.p.m. Pb and the subducted sediment at S contains 20 p.p.m. Pb, the observed spread of data could then result from variations in the percentage of oceanic crustal Pb in the total subducted Pb, from <1% to ~12%. This result is, within error, consistent with Fig. lla , and again stresses the importance of altered oceanic crust relative to subducted sediment in explaining the composition of the subduction component.
A further point of interest is that the positions of data points along the oceanic crust-sediment mixing line of Fig. 11 b are independent of volcano position. Candlemas, Montagu, Visokoi and Saunders all have points at either end of the spread of data, and there is no systematic northward variation with increasing thickness of subducted sediment and increasing crustal age. The meaning of the spread along the oceanic crust-sediment mixing line is unclear. It is possible that it reflects heterogeneity of the subducting material. However, stable isotope analyses have not yet been carried out to allow us to assess whether any of the variation results from crustal assimilation, as seen, for example, in the Lesser Antilles (Davidson, 1987 Pb/ 204 Pb reflects small variations either in the oceanic crust and sediment contributions to the subduction components or in magma-crust interactions.
FURTHER COMMENTS ON SUBDUCTION FLUXES AND THE MELTING PROCESS Subduction fluxes
We used the trace element plots in Fig. 9 to infer that the subduction flux is more or less constant along the arc. We also used these plots to quantify the subduction zone elemental contribution to the mantle wedge. By selecting elements derived almost entirely from the subducting slab, we can examine the relationship between subduction zone input and volcanic arc output. Unfortunately, there is no drilled section on the downgoing plate, but the data of Ben Othman et al. (1989) on South Atlantic sediments provide a first-order insight into subduction fluxes.
Taking Ba as an example, we can calculate sediment flux using the approach of . The input values are (retaining their units): convergence rate 7-5 cm/yr; average sediment thickness 300 m (400 m in the north vs 200 m in the south); density 1-4 g/cm (estimated); water content 40% (estimated); Ba content of sediment 500 p.p.m. This gives a sediment flux of 95 g/yr per cm arc length beneath the South Sandwich arc. The Ba6/ Na6 ratio (Ba at MgO = 6 wt % normalized to Na2O at MgO = 6 wt % to reduce melting and crystallization effects) used by Plank & Langmuir as a measure of subducted Ba averages 25 (33 in the tholeiites to 17 in the low-K tholeiites).
It is apparent from Fig. 12 that the low sediment flux matches the low (for arcs) Ba6/Na6 ratio of the lavas, but that the South Sandwich Islands point lies well below the Plank & Langmuir best-fit line. There are several possible reasons for this. First, a best-fit straight line assumes a fixed point of intersection with the_)>-axis. This intercept gives the ratio in the mantle for zero sediment-derived flux, i.e. for the combination of mantle wedge composition and oceanic crust-derived flux. Because the mantle contribution to the Ba budget is small (Ba6/Na6 is only 2-3 in N-MORB mantle and less in depleted mantle) compared with the contribution of altered oceanic crust, the latter is the dominant control on the ]. The straight line ii the Plank ft Langmuir best-fit line. The South Sandwich Islands point plots well below this line. We suggest that the relationship would be non-linear because of accretion, underplating and dehydration of sediments at shallow depths.
intercept. The low value of Ba6/Na6 for the South Sandwich Islands could then be explained by an unusually low contribution from altered oceanic crust. There is, however, no clear reason why this should be the case as the crust subducted beneath the South Sandwich arc is older than that subducted beneath a number of other arcs with high Ba6/Na6 ratios. Second, the linear correlation assumes no or constant offscraping of subducted sediment. If the proportion of offscraped sediment is a function of sediment supply, the predicted relationship must be non-linear. To explain the low value of Ba6/Na6 for the South Sandwich Islands would then require that a high proportion of its sediment fails to become subducted (i.e. is removed by offscraping at shallow depths), that a high proportion of sediment Ba is lost during dehydration at shallow depth or that a large proportion of the sediment Ba is subducted to great depths. These possibilities can be investigated further through flux calculations. Let us suppose, for example, that 500 m of crust with an average content of 50 p.p.m. Ba, density 2 -7 g/cm 3 and 5 wt % water contribute to the oceanic crustal component of the subduction flux. The oceanic crustal contribution is then 51 g/yr per cm arc length, about half that of the sediment flux. It should be noted, however, that the isotopic evidence presented in this paper suggests that, for the South Sandwich Islands, the sediment contribution is much less than the oceanic
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by guest on January 11, 2014 http://petrology.oxfordjournals.org/ Downloaded from JOURNAL OF PETROLOGY VOLUME :J I; NUMBER 4 AUGUST crustal contribution with an average mass ratio of about 1:9. Thus, the contribution of subducted sediment to arc volcanism may not be as important as the sediment input suggests for reasons listed above. In fact, in the 'best-case scenario' that all the Ba in altered oceanic crust contributes to arc magmatism, only one-third of the subducted sediment is required to explain the isotope covariations. The total Ba flux would then be 83 g/yr per cm arc length, made up of 51 g/yr from the altered oceanic crust and 32 g/yr from the sediment. This translates to a Ba6/Na6 intercept on the Plank & Langmuir diagram of ~ 15. It should be noted that the lack of variability in subduction component from south to north can also most easily be explained if the sediment contribution is less significant than the altered crustal contribution.
Estimates of the proportion of subducted Ba recycled through the arc also lack critical information, in this case on crustal thickness, but the calculation is, none the less, instructive. If we assume that a block of crust 1 cm wide by 10 km thick by 40 km long has been created per cm arc length by magmatic activity over 5 Ma, that the crust has an average density of 2-7 g/cm , that the primary magma creating it has an average Ba content of 30 p.p.m. and that 95% of this Ba is subduction generated, we obtain a Ba output from the arc of 62 g/yr per cm arc length. This is less than, but of the same order of magnitude as, the Ba subduction input.
Other LILE produce similar conclusions. However, all these calculations are subject to considerable errors, which can be reduced only by drilling and seismic studies. At present, we consider it likely that: (1) over half of subducted LILE is recycled through the arc system; and (2) there may be a greater contribution from the oceanic crust compared with the sediment, and this may explain why there is no obvious increase in subduction component from north to south along the arc; in which case, (3) a significant portion of the subducted sediment must fail to contribute to arc genesis, probably because of sediment accretion, underplating and dehydration at shallow depths.
One topic not covered in these discussions is the effect of chromatographic separation on element and isotope ratios. Several workers have argued that, once the subduction component has been released from the subduction zone and its overlying layer of metasomatized mantle, then mantle-melt interaction during transport of hydrous melt through the wedge to the melting column can have a significant effect on these ratios (e.g. Navon & Stolper, 1987; Hawkesworth et al., 1991; Stern et al., 1991) . It is hard to gauge the importance of this process beneath the South Sandwich Islands. It cannot easily explain the gross inter-island variations, as there is no reason why alternate volcanoes should exhibit different fluid migration paths or paths through mantle of different composition. It cannot easily explain Pb isotope ratio dispersion, as there is no major component of variation toward the mantle wedge composition. If it is important, then the inferred involvement of subducted oceanic crust relative to subducted sediment may be an overestimate, as may be the inferred subduction fluxes of Ba and other elements. Possibly, the best, yet unproven, case for chromatographic fractionation of the subduction component is provided by the rear-arc volcano, Leskov. As Fig. 11 demonstrates, this volcano does exhibit a component of variation in Nd-Sr and Pb isotope space that we interpret in terms of a more enriched mantle composition. This component could equally be interpreted in terms of greater interaction between the subduction component and the mantle.
The melting process
Having established that the melting process is the most important cause of element variation between the islands, it is possible to examine further precisely how this happens. There are two types of approach: major element and trace element.
The major element approach utilizes the method of Langmuir and co-workers (e.g. Langmuir et al., 1993) . Na and Fe, quoted as Na8 and Fe8 for MgO = 8-0 wt % to correct for fractional crystallization, are particularly effective. Figures 13a and  13b show the plots of Na 2 O and FeO* against MgO for volcanic rocks with MgO contents > 5 wt % that allow Fe8 and Na8 to be determined. The most distinctive feature is that Na8 and Fe8 for a given MgO are both low in the low-K tholeiitic compared with the tholeiitic volcanoes. The only exception is Zavodovski, plotted separately, which is a low-K tholeiitic volcano with Na8 and Fe8 values that more closely resemble the tholeiitic series. MgO contents for the calc-alkaline series are too low to permit accurate extrapolation to Na8 and Fe8. Plotting Na8 against Fe8 in Fig. 13c reveals that volcanoes from both tholeiitic series plot off the temperature-related MORB trend toward lower Na8 and Fe8 values.
This cross-trend is most simply explained by dynamic melting, as described elsewhere (e.g. Elliot et al., 1991; Langmuir et al., 1993) . During dynamic melting, instantaneous melts generated at the base of a melting column should contain relatively high Na and Fe. Instantaneous melts generated near the top of the column are correspondingly depleted in Na and Fe. Thus, it is likely that the tholeiites carry a greater contribution of deep melt fractions than the low-K tholeiites. Our trace element ratio study in Figs 9 and 10 suggests that there were two episodes of melting: one before advection into the wedge which depleted the mantle in a small melt fraction; and one beneath the arc that generated the different volcanic series by dynamic melting of the upwelling mantle. These two episodes could explain the Na8-Fe8 covariations shown in Fig. 13d . The first episode, involving loss of a small melt fraction, would deplete the mantle more rapidly in Na than in Fe, as Na is much the more incompatible. This could give the steep depletion vector and explain the difference between the South Sandwich Islands and the Scotia Sea and Southern Ocean Ridges. The second episode would involve a more complex migration and mixing of melt fractions, giving the flatter intra-arc trend. In this model, the mean arc composition lies between the low-K tholeiitic and tholeiitic compositions.
The alternative explanation is that there was no depletion before advection into the mantle wedge and that all the arc tholeiites have lost melt at depth in the melting column, the low-K tholeiites having been most affected by this process. However, this does not readily explain the displacement of the arc trend from the Scotia Sea and SWIR data on the Na8-Fe8 plot. None the less, we cannot be certain exactly how much depletion took place before the mantle entered the wedge, and how much took place within the melting column.
The trace element method of Pearce & Parkinson (1993) , based on Nb9 and Yb9 (Nb and Yb at 90 wt% MgO) provides another approach (Fig. 14) . Unlike the ratio diagrams plotted earlier, this projection allows source depletion and pooled fractional melting to be separated. Source depletion leads to very rapid loss of Nb for a small loss of Yb, whereas pooled fractional melting leads to relatively small changes in the two elements. The diagram is con- toured for degree of melting and degree of melt loss during depletion. It shows that most tholeiitic and calc-alkaline volcanoes plot along the 15% partial melting contour, whereas the low-K tholeiitic volcanoes are displaced toward a more depleted source and more (~25%) partial melting. An interpretation based on degrees of partial melting alone does, however, assume variable depletion followed by nondynamic melting, which was not consistent with the trends in Fig. 9 .
Re-modelling of the diagram for an episode of back-arc depletion followed by dynamic melting beneath the arc (Fig. 14d) shows that this process could explain the inter-island variability in Nb and Yb. To produce the observed variations in the South Sandwich Islands magmas, the back-arc depletion event requires only a small degree of melt loss (~2 -5%). The arc melting event then requires an average of 20% melting. Dynamic melting during the latter could then link the low-K tholeiitic and tholeiitic magmas. As before, however, the diagram could also be modelled by less back-arc depletion and more depletion in the melting column. Moreover, some of the calc-alkaline lavas could still require less melting of a less depleted source.
Linking these results to mantle flow and melting in the mantle wedge is constrained by our limited understanding of the physics of these processes. Starting with a two-dimensional, trench-normal section, it would be tempting to suggest that the reararc volcanoes have depleted the melting column which subsequently continues to melt to produce the tholeiites. We would then expect the lowest-K samples to be erupted in those parts of the arc with extensive rear-arc magmatism. This is not in fact the case. Zavodovski, which has Leskov as its rear-arc volcano, is the least Fe depleted of the low-K tholeiites, Saunders has rear-arc seamounts but a tholeiitic composition, and many low-K tholeiite volcanoes (Candlemas and Vindication) are not associated with any obvious rear-arc volcanism.
The second option is that flow is three-dimen-sional. In this case, the separation of low-K tholeiites and tholeiites could take place by melt movement parallel to the trench at depth, so that some volcanoes will have relatively enriched compositions whereas adjacent volcanoes are depleted. This option is supported by the modelling of Dvorkin et al. (1993) , who found that sideways asthenospheric inflow will combine with subduction-parallel corner flow in cases (such as the Scotia arc-basin system) where the subducting slab is narrow. The distribution of volcanoes lends some support to the theory of three-dimensional flow. There is a north-south alternation in composition from Zavodovski (low-K tholeiite) through Visokoi (tholeiite), CandlemasVindication (low-K tholeiite) and Saunders (tholeiite) to Montagu (low-K tholeiite). The next volcano (Bristol) is, however, low-K tholeiite, but this is again followed by Bellingshausen (tholeiite). A third option is that variations are temporal, with each volcano changing in composition with time as the trench retreats and crustal thicknesses change. At present, however, the evidence points to most volcanoes having a coherent composition and, where there are variations, to an absence of any obvious temporal control.
We thus believe that dynamic melting linked to three-dimensional, two-phase flow beneath the arc currently provides the best explanation for geochemical variations between the arc volcanoes. Figure 15 gives our preliminary impression of the melting process. Subduction-derived fluids enter the sub-arc region at depths of -100 km and above the temperature of amphibole stability, causing fluidinduced melting. Experiments (e.g. Hirose & Kushiro, personal communication) indicate that 10% melting is likely to be caused by fluid addition, enough to remove any garnet from the source. The resultant mush then rises diapirically, undergoing melting by decompression at depths shallower than ~60 km. Given the estimate of 20% total melting, 10% would then be generated by decompression, implying a mechanical lithospheric thickness of 20-30 km. Some diapirs gain a fraction of the low-volume melt becoming tholeiites, others lose it to become low-K tholeiites. In rear-arc settings, less partial melting, and perhaps also more enriched mantle, produces calc-alkaline magma.
DISCUSSION AND CONCLUSIONS
(1) Most of the South Sandwich Islands display a typically tholeiitic pattern of differentiation in which much of the intra-island compositional diversity may be ascribed to magma chamber processes, namely fractional crystallization, crystal accumulation and magma mixing. Evidence for fractional crystallization comes partly from the sympathetic variation of modal mineralogy and mineral chemistry with bulk-rock composition and falling temperature. The main compositional changes are driven by removal of the assemblage plagioclase-olivine-augite from basalts and subtraction of plagioclase-low-Ca pyroxene-clinopyroxene-magnetite from more differentiated magmas. Evidence for crystal accumulation comes from the highly porphyritic nature of many of the lavas and from the compositional constraint that many of the crystals (phenocrysts and xenocrysts) were out of equilibrium with their host magma. Evidence for magma mixing comes from the fact that some of the xenocrysts crystallized from primitive magma that could not have been parental to their host magma, from the petrography of some of the Visokoi basaltic andesites, from the zones of resorption and regrowth within some of the plagioclase megacrysts, and from intra-island isotopic and incompatible trace element heterogeneities. Although plutonic rocks are not exposed on the islands, xenoliths with compositions matching the calculated crystal extracts were probably derived from associated cumulate sequences. Apart from Cook and Thule, each island tends to be dominated by lavas of one series. The calc-alkaline volcanoes are located furthest from the trench, but the low-K tholeiite and tholeiite series arc located at similar distances from the trench. There are systematic differences in chondrite-normalized REE patterns from the low-K tholeiitic series (strong LREE depletion) through tholeiitic (slight LREE depletion) to calc-alkaline (slight LREE enrichment). All three series show the characteristic subduction signature of LILE enrichment relative to HFSE. However, trace element patterns and ratio plots show that the inter-arc variation is due not to differences in the degree of LILE enrichment, but to differences in HFSE depletion. This implies variations in the mantle source and the melting process rather than in the composition of the subduction component.
(3) Further study of trace element plots of the type Th/Yb vs Nb/Yb suggests that there were two melting events: one, possibly in the back-arc, leading to loss of a small melt fraction from the mantle wedge; and the other beneath the arc after addition of the subduction component. It also indicates that much of the inter-arc variation is explained by dynamic melting of the sub-arc mantle wedge during this second melting event. Major elements corroborate the trace element model. A key observation is that the low-K tholeiitic series has lowest Na8 and lowest Fe8 in addition to lowest K. This combination is characteristic of dynamic melting, as both Na and Fe are concentrated in the first melt fractions to be generated in the deeper parts of melting columns. The low-K tholeiitic series could thus be the product of preferential tapping of the upper parts of melting columns, whereas the tholeiitic and calc-alkaline series could be the product of preferential tapping of the deeper parts of these columns. The fact that low-K tholeiitic and tholeiitic volcanoes alternate along the arc raises the possibility that two-phase flow in the sub-arc mantle is important parallel to the arc as well as orthogonal to the arc, i.e. that mantle melting must be modelled in three, rather than just two, dimensions. Overall, our estimated degTee of melting (~20%) at MORB-like mantle temperatures favours melt generation by both fluid addition and decompression beneath moderately thin (20-30 km) mechanical lithosphere, each contributing equally to the melting process.
(4) The subduction zone contribution to the mantle source of the volcanoes varies from undetectable (Zr, Y, Nb), through small (Nd ~20%) and moderate (La, Ce, Sr = 50-80%) to very high (Pb, K, Ba, Rb, Cs^90% Pb ratios indicate local variations, either in the proportion of sedimentary to oceanic crustal Pb, or in the extent of crustal assimilation. Flux calculations indicate that the arc output for the most mobile elements is less than, though of the same order of magnitude as, the subduction input from sediments and altered oceanic crust, although error bars are large. They also indicate that only a fraction (one-third in the case of Ba) of subducted sediment input contributes to the subduction component. 
